This progress report presents recent advances in developing a versatile technique for investigation of collisions of ions with open shell neutral intermediates. Combination of a 22-pole ion trap with a beam of H atoms allows accurate determination of rate coefficients at temperatures between 10 K and 300 K. New experimental results on hydrogen abstraction in collisions of CH + , CH 4 + and CH 5 + ions with H atoms are reported at temperatures between 10 K and 100 K. In the case of CH + and CH 4 + , large rate coefficients of 1.3 × 10 -9 cm 3 s -1 and 6.0 × 10 -10 cm 3 s -1 have been obtained at 50 K. CH + reacts with D atoms with a total rate coefficient of 2.4 × 10 -9 cm 3 s -1 the branching ratio being 50 % for hydrogen abstraction and 50 % for atom exchange.
This progress report presents recent advances in developing a versatile technique for investigation of collisions of ions with open shell neutral intermediates. Combination of a 22-pole ion trap with a beam of H atoms allows accurate determination of rate coefficients at temperatures between 10 K and 300 K. New experimental results on hydrogen abstraction in collisions of CH + , CH 4 + and CH 5 + ions with H atoms are reported at temperatures between 10 K and 100 K. In the case of CH + and CH 4 + , large rate coefficients of 1.3 × 10 -9 cm 3 s -1 and 6.0 × 10 -10 cm 3 s -1 have been obtained at 50 K. CH + reacts with D atoms with a total rate coefficient of 2.4 × 10 -9 cm 3 s -1 the branching ratio being 50 % for hydrogen abstraction and 50 % for atom exchange. For collisions of CH 5 + with H atoms rate coefficients of 9 × 10 -12 , 1.3 × 10 -11 , and 2.3 × 10 -11 cm 3 s -1 have been determined at trap and nozzle temperatures of 10, 50, and 100 K, respectively. This indicates that this reaction is almost thermoneutral in contrast to thermodynamical data reported in the literature.
Introduction
Hydrogen, in the atomic or molecular form, is the most abundant species in interstellar clouds and therefore its interaction with other molecules, molecular ions and particle surfaces has to be carefully taken in account in order to understand chemical evolutions and explain observed abundances. The lack of specific information on its reaction dynamics lets plenty of related questions unanswered. For example it is still not yet known how the hydrogen molecule itself or more complex molecules like methanol are formed in space. Do processes in the gas phase or on particle surfaces play the dominant role? In many cases valuable information can be derived from observed abundances of molecules and structures of deuterated species. For this laboratory experiments are asked for to be performed at conditions relevant for interstellar space.
There are plenty of experimental results on reactions with molecular hydrogen. Unfortunately, radicals such as hydrogen atoms are not as simple to handle and, therefore, only few experiments with H or D atoms have been performed in the gas phase. A general review of ion-atom reactions has been published. nique. Using the selected ion flow drift tube approach (SIFDT) reactions can be studied at superthermal energies. 3 At temperatures down to 120 K ion -hydrogen atom reactions have been investigated by a variable temperature modification of the selected ion flow tube. 4 However, no general low temperature reaction studies of ions with H atoms have been reported below 100 K.
In this progress report a general methodology is presented which combines a wide field free trapping technique for confining and thermalizing mass selected ions and an atomic hydrogen beam as target. It allows the investigation of reactions of H atoms with ions at temperatures lower than 10 K and can be extended to other radical atoms and condensable neutrals. 5, 6 Results are reported for three benchmark ion-atom reaction systems. ions accommodate to the cold 22PT environment, T ion = 10 ÷ 300 K, via radiation and via collisions with buffer gas. In order to accelerate the thermalization process, Helium is introduced in a pulsed mode during injection of the ions. For ~10 ms, densities of some 10 15 cm -3 are achieved. In addition, Helium is let into the 22PT continuously. Typically the He densities, being between 10 12 and 10 13 cm -3 , are several orders of magnitudes higher than the density of particles from the beam source. After a certain reaction time, the ions are extracted from the 22PT, mass analyzed, and detected using single ion counting technique. For dissociation of molecular hydrogen resp. deuterium a standard rf driven plasma source 9 is used. The generated hydrogen atoms pass through an tempera- represents an important destruction mechanism of CH + the formation of which is poorly understood in diffuse interstellar molecular clouds. Simple models underestimate the observed abundances and, therefore, it is assumed that shock waves, turbulences or UV radiation must play a role. Until 1984 it was accepted that, at 100 K, the exothermic reaction (1) Note that in this case the internal temperature of the CH + ion was somewhat smaller than the collisional temperature. The experimental and theoretical results are summarized in Fig. 2 . The non-thermal results of SIFDT technique have been converted using the approximation KE cm = 3/2 kT, the validity of which has been shown for atomic ions in drift fields. However, the contribution of rotational energy of CH + can differ from translational energy and this may lead to differences in the "temperature" dependences. Our low temperature data which are close to Langevin limit show that there is no barrier that would significantly hinder the reaction. The theoretical values of phase space theory describe well the behavior of the reaction. 11 Recent RIOSA-NIP calculations 13 which account for all reactive channels including hydrogen atom exchange, show the correct temperature trend; however, they underestimate the measured 5 value by almost a factor 10. This indicates that more work needs to be done in order to understand low temperature processes from first principles. The H -H exchange in CH + + H collisions is thermoneutral and it can be expected, e.g. from phase space theory, that the rate coefficient is much smaller than C + production which is exothermic. 11 Using the isotopically labeled system can be distinguished. Also this system has been investigated in the trap at T D = T ion = 80 K. Surprisingly the same rate coefficient (1.2 ± 0.2) × 10 -9 cm 3 s -1 , has been obtained for both channels indicating the importance of the atom exchange channel. It is obvious that more detailed theoretical studies are needed in order to understand the dynamics of this basic reaction system.
Experimental

CH 4 + + H
An interesting reaction system which proceeds via the intermediate collision complex CH 5 + is
6
With the ICR technique, 2 no hydrogen abstraction reaction has been observed with H and D atoms although this process is exothermic by 2.7 eV and formation of CH 5 + collision complex is as well exothermic by 4.6 eV. Note that the detection limit of the ICR experiment was 10 -11 cm 3 s -1 .
Our investigations show that reaction (2) is highly reactive at low temperatures. The values 6.0 × 10 -10 cm 3 s -1 and 5.1 × 10 -10 cm 3 s -1 have been obtained at T H = T ion = 50 K and at T H = 100 K and T ion = 80 K, respectively. Based on the Langevin limit, 2 × 10 -9 cm 3 s -1 , this means that every forth collision leads to reaction. Assuming that the rate coefficient obtained at 300 K by the ICR technique is correct, the reaction has very strong negative temperature dependence. This may be explained by the formation of a long lived CH 5 +* complex in combination with a bottle neck hindering the transition towards the product channel. In order to make final conclusions on energetic and dynamics, additional measurements over the full accessible temperature range are planned. Fig. 3 .
The rate coefficient in forward direction, k f , has been recently measured from 300 K down to 15 K using a 22PT, 14 see full squares in Fig. 3 .
In the present work, reaction (3) has been investigated in backward direction at 10, 50, and 100 K. The temperature of the accommodator has been set at the 22PT value except for the lowest temperature where only 12 K have been achieved. The rate coefficient, k b , increases slightly from 9 × 10 -12 cm 3 s -1 at 10 K to 2.3 × 10 -11 cm 3 s -1 at 100 K, see solid circles in Fig. 3 . Approaching 300 K, k b
should increase significantly according SIFDT results. Our result at T H = 100 K and T ion = 300 K, see open circles in Fig. 3 , shows that k b does not reach SIFDT value and therefore the internal temperature (T ion ) of CH 5 + does not influence reactivity significantly. The small variation of k b with internal temperature of CH 5 + ions can be taken as an argument that a direct process is involved and the H atom impact determines predominantly the reactivity. It should be noted that this statement is based on both our and SIFDT results the difference between which may be also caused be experimental uncertainties. Our result at T H = T ion = 100 K agrees with prediction done in Ref. 12 within the error of measurement whereas k b does not drop significantly at lower temperatures as predicted. This indicates that the reaction is almost thermoneutral.
Conclusion
The presented results demonstrate that the combination of an rf ion trap with a neutral beam is a versatile tool for revealing information on reactions between ions and radical atoms at low temperatures. Using H or D atoms, the fundamental collision systems C + + H 2 or HD, CH 3 + + H 2 and CH 4 + + H 2 have been studied in detail in the reverse direction. A comparison of the experimental findings with theoretical results or expectations indicate that our understanding of these systems is still quite limited. Some of the observations can be explained with statistical models; however it is obvious that one has to account for nuclear spin restrictions which are known to be important in H and D atoms containing systems at low temperatures. For the simple tri-atomic CH 2 + and CHD + collision system the measurements indicate that a statistical theory is not satisfactory. In order to account correctly for direct collisions, quantum mechanical calculations beyond the so far used approximations 13 
